'Abstract-Planetary exploration missions and deep space probes require electrical power management and control systems that are capable of efficient and reliable operation in very low temperature environments. Presently, spacecraft operating in the cold environment of deep space carry radioisotope heating units in order to maintain the surrounding temperature of the on-board electronics at approximately 20 "C. Electronics capable of operation at cryogenic temperatures will not only tolerate the hostile environment of deep space but also reduce system size and weight by eliminating or reducing the radioisotope heating units and their associate structures; thereby reducing system development as well as launch costs. In addition, power electronic circuits designed for operation at low temperatures are expected to result in more efficient systems than those at room temperature. This improvement results from better behavior and tolerance in the electrical and thermal properties of semiconductor and dielectric materials at low temperatures.
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'Abstract-Planetary exploration missions and deep space probes require electrical power management and control systems that are capable of efficient and reliable operation in very low temperature environments. Presently, spacecraft operating in the cold environment of deep space carry radioisotope heating units in order to maintain the surrounding temperature of the on-board electronics at approximately 20 "C. Electronics capable of operation at cryogenic temperatures will not only tolerate the hostile environment of deep space but also reduce system size and weight by eliminating or reducing the radioisotope heating units and their associate structures; thereby reducing system development as well as launch costs. In addition, power electronic circuits designed for operation at low temperatures are expected to result in more efficient systems than those at room temperature. This improvement results from better behavior and tolerance in the electrical and thermal properties of semiconductor and dielectric materials at low temperatures.
The Low Temperature Electronics Program at the NASA Glenn Research Center focuses on research and development of electrical components, circuits, and systems suitable for applications in the aerospace environment and deep space exploration missions. Research is being conducted on devices and systems for reliable use down to cryogenic temperatures (as low as -243 "C or 30 K). Some of the commercial-off-the-shelf as well as developed components that are being characterized include passive and active devices and circuits. An overview of the NASA Glenn Research Center Low Temperature Electronic Program will be presented in this paper. A description of the low temperature test facilities along with selected data obtained through in-house component and circuit testing will also be discussed.
INTRODUCTION
Electronic components and systems capable of low temperature operation are required for many future NASA space missions where it is desirable to have smaller, lighter, and less expensive spacecraft. These include Mars orbiters, landers, and rovers; Europa oceanic exploratory instrumentation; and outer planetary exploration and deep space probes. A unique computerized control system is used in conjunction with a cryopumped vacuum chamber containing a cryocooled sample holder for the characterization of commercial and developmental semiconductor devices and components. This facility is capable of in-situ I-V and C-V characterization of semiconductor devices fiom 23 "C to -248 "C.
GRC has also designed computer-controlled facilities for low-temperature long term thermal cycling and characterization of electrical and physical properties of dielectrics and capacitors. In addition, facilities have been built at GRC for reliability studies and life testing of passive and active devices in space-like environments under multistress conditions. Typical studies that can be carried out using these unique facilities include dielectric material characterization, DC and AC breakdown voltages, resistivity measurements, switching characteristics, and electronic system overall performance such as regulation and efficiency.
In the area of optoelectronics, GRC has facilities to characterize and test fiber-optic sources, receivers, cables, connectors, and other components and assemblies at temperatures ftom 300 "C to -196 "C. Although most low temperature testing on fiber-optic components has concentrated on 1300 nm to date, tests can be conducted at other wavelengths.
Other on-site supporting research facilities include physical, chemical, and mechanical test chambers and diagnosis stations. Characterization of materials and evaluation of systems and components under space-like environment, such as vacuum, plasma, ultraviolet radiation, and atomic oxygen, can be achieved in multi-stress aging test facilities.
Low TEMPERATURE R&D ACTIVITIES
Some of the components that are being characterized include semiconductor switching devices, pulse width modulation controllers, high frequency oscillators, dc/dc converters, sensors and transducers, and passive and active devices, to name a few. Figure 1 shows the performance of a military-grade pulse width modulation (PWM) controller at various temperatures. The effect of temperature on duty cycle of the device at various control voltage levels is depicted in this figure. This BiCMOS current-mode PWM device, which is rated for -55 to +125 "C operation, was characterized at a switching frequency of 100 kHz. It can be seen that at room temperature, the maximum duty cycle obtained was 95% at a control voltage level of 1.7 V. Upon lowering the test temperature, the value of the control voltage level required to obtain a specific duty cycle decreased significantly. For example, the values of this signal required for a 50% output duty cycle were about 1.4 V, 1.0 V, 0.8 V, and 0.7 V at 25 "C, -100 "C, -150 "C, and -170 "C, respectively. At temperatures between -170 "C and -175 "C, the device exhibits instability in performance in the form of intermittent loss of the output signal. Beyond -175 "C, the device ceases to operate but recovers as soon as temperature is brought back to about -170 "C. This preliminary result
indicates that the usehlness of the device depends on whether the shift in the control voltage signal with temperature is tolerable in the specific application or if some feedback compensation is provided to accommodate for these low temperature induced changes. The performance of three precision oscillators was investigated at low temperatures. One uncompensated oscillator was able to function to -196 "C. A second uncompensated oscillator was built to operate at ultra-low temperatures, and it operated down to -263 "C. A third oscillator, which was temperature compensated and modified for low temperature use, operated within 0.3 ppm in frequency down to -160 "C. The normalized output fiequencies of the three oscillators are shown as a function of temperature in Figure 2 .
Several DCDC converters have been built and characterized in-house, at low temperatures. The converters were designed or modified to operate from room temperature to -196 "C using commercially available components such as CMOS-type devices and MOSFET switches. These systems had output power range fi-om 5 W to 1 kW with switching fiequencies of 50 kHz to 200 kHz. The output voltage of another commercial converter module under the same test conditions is depicted in Figure 5 . At low load levels, this converter exhibits excellent stability in its voltage regulation throughout the temperature range fiom 20 "C to -120 "C. At heavy loads, however, the converter output voltage tends to decrease with decreasing temperature. This decrease becomes more evident at temperatures lower than -40 "C. The efficiency of this
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converter is shown in Figure 6 . In general, the efficiency drops as the temperature is lowered with the heavy load condition having a higher efficiency than that of a light load.
It is important to note that although this converter ceases to operate beyond -120 "C it does, however, recover when the temperature is raised above that level. Several temperature transducers were also characterized for their performance under extreme low temperatures. These two-terminal integrated circuit (voltage idcurrent out) temperature transducers produce an output current proportional to absolute temperature. In addition to temperature measurement, these devices can be used in applications that include flow rate measurements, correction of discrete components, temperature compensation, biasing proportional to absolute temperature, level detection of fluids, and anemometry.
The transducers were evaluated in terms of output response and linearity as a function of temperature. Characterization was performed in the temperature range of 293K (+20 "C) to 80K (-193 "C). The data were initially gathered at room temperature, then at successive test temperatures down to SOK, and again at room temperature after low temperature was completed. Each device was characterized in terms of Module as a Function of Temperature its output current, which is proportional to absolute temperature, as a function of temperature and its input or supply voltage. The effect of temperature on the output characteristics of one of these devices is depicted in Figure  7 . It can be seen that this device produced an output current that reflects true representation of the temperature variable to be measured at all levels of the input voltage in the range of 4 to 30 V but within the test temperature range of 293K to 140K. Beyond 140K, the transducer continued to produce an output but it lacked accuracy as well as linearity. This Figure 8 where the output current corresponding to a certain temperature is shown at various supply voltage levels. Once again, the non-linearity begins to show at temperatures around 140K and it becomes more profound as the temperature is decreased further and at high supply voltage levels. It is important to note that although all of the temperature transducers tested exhibited changes, with varying degrees, in their output linearity with decreasing temperature, none underwent any catastrophic failure due to exposure to the low temperature environment. This is evident fiom the full recovery in performance
exhibited by all the devices tested upon their thermal stabilization back to room temperature. An SO1 (Silicon-On-Insulator) MOSFET and a standard MOSFET device were characterized in the temperature range of +20 "C to -190 "C. Performance characterization was obtained in terms of their gate threshold voltage (VGS(th)), drain-to-source on-state resistance (RDS(on)), and drain current (ID) versus drain-to-source voltage (VDS) family curves at various gate voltages (VGS). These properties were obtained using a digital curve tracer. The test temperatures at which these devices were investigated were: 20 "C, -50 "C, -75 "C, -100 "C, -125 "C, -150 "C, -175 "C, and -190 "C. Limited thermal cycling testing was also performed on the devices. These tests consisted of subjecting the devices to a total of five thermal cycles between +20 "C and -190 "C. A temperature rate of change of 10 "C/min and a soak time at the test temperature of 10 minutes were used throughout this work. Figure 9 shows the gate threshold voltage (VGS(th)) versus temperature for both devices. The gate threshold voltage for each device was measured at very small values of drain currents. These values of drain current (i.e. 250p.A for the standard and l0OpA for the SOI) were selected from each of the manufacturer's specification. As can be seen from Figure 9 , both devices exhibit an increase in gate threshold voltage with decreasing temperature. The standard MOSFET device. which has a maximum specified gate voltage of 20V, registered a gate threshold voltage in the range of 3.03V to 3.92V from 20 "C to -190 "C. This corresponds to a normalized gate threshold voltage (VGS(th)/ VGS (ma)) range of 0.152 to 0.196. The SO1 MOSFET device, which has a maximum specified gate voltage of 10V, required a gate threshold voltage in the range of 1.64V to 2.21V from 20°C to -190°C. This corresponds to a normalized gate threshold voltage range of 0.164 to 0.221. Both devices are concluded to display comparable changes in their gate threshold voltage with change in temperature. Figure 10 shows the drain-to-source on-state resistance (RDS(on)) versus temperature for the two devices. As seen fiom Figure 2 , both devices show similar behavior in their on-state resistance with temperature. The on-state resistance of either device seems to decrease with decrease in Vol. 6 
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5 temperature till about -170 "C. This trend, however, is reversed as the test temperature is decreased hrther as reflected by the slight increase in the on-state resistance of both devices. At any temperature, the SO1 device exhibits a slightly higher on-state resistance than its standard counterpart. 
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CONCLUSION
An overview of the Low Temperature Electronics Program at the NASA Glenn Research Center was given. The research efforts are focused on developing selected, mission-driven, power systems and supporting technologies for low temperature operation. The on-going activities include dielectric and insulating material research and evaluation, development and testing of low temperature power components, and electronic system integration and demonstration. Other supporting research investigations comprise long-term reliability assessment of power devices and integrated circuits and the effects of low temperature exposure on device interconnect and packaging. A description of the in-house low temperature test facilities for material testing and characterization, and component and system evaluation along with some preliminary experimental data were also presented. Coordination of the various research and development efforts with other agencies, academia, and the aerospace industry as well as the utilization of test facilities with the proper diagnostic and analytical tools will certainly contribute to meeting the needs of future space power and other electrical systems.
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